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ABSTRACT 

This dissertation reports on the discovery of a new method of patterning bacteria 

(Pseudomonas aeruginosa PAO1) on a surface using a drying sessile drop.  This work 

identifies bacterial suspension age and the length of time mica is exposed to the 

laboratory atmosphere as the key parameters which impact the behavior of the sessile 

drop and the resulting residue.  Possible origins of mica aging and bacterial suspension 

aging are discussed in light of the literature and the experimental conditions.  The residue 

area and the fraction of the residue area on which substantial bacteria and salt deposits 

remained after the drying of the drop (fill-in fraction) were measured via analysis of 

optical micrographs.  In general, smaller residues are more filled in.   

For fresh bacterial suspensions, and short mica exposure times, the residue covers 

the largest area and is characterized by rings formed during discrete depinning events as 

the solvent evaporates.  As the exposure time increases and the mica surface slowly picks 

up contaminants from the atmosphere, the drop residue shrinks in size and bacteria are 

deposited in a regular cellular film in the interior of the drop residue.  The fraction of the 

interior area covered by the cellular film is well correlated with the mica exposure time.   

For sufficiently aged bacterial suspensions, residues are small and more filled-in 

than residues formed from fresh suspensions on similarly aged mica.  In addition, the 

interior deposition pattern transitions from a cellular film characteristic of fresh 

suspensions to a cracked carpet pattern for aged suspensions.  Suspension aging related 

changes in the residues are attributed to accumulation of organic materials such as DNA, 

RNA, proteins, and other bacterial components in the suspension.  The suspension aging 
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process is also observed to be at least partially dependent on ventilation of the suspension 

during aging.   
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1. INTRODUCTION 

1.1. OVERVIEW 

This dissertation reports on the evaporative deposition of bacteria on mica from 

drying drops.  This involved preparing a suspension of bacteria, removing extracellular 

organic materials by washing the cells with a carbon-free salt solution, and depositing a 

droplet on a cleaved piece of mica.  When a drop of bacterial suspension dries, it leaves 

behind the non-volatile suspended solids (i.e. bacteria and salts) in a residue.  Sometimes 

this residue forms a web-like pattern on the surface.  This web-like pattern is called a 

cellular film.  Cellular films are a common product of drying processes involving 

particulate suspensions.  For instance, cellular films have been produced with particles 

which range in size from 1.7µm1 to 2nm2.  The principal goal of the work was to invent a 

method of patterning a cellular film of bacteria on a surface and to identify the critical 

processing parameters which control patterning.  Cellular films are of interest to 

physicists because they represent far from equilibrium systems.  Other researchers are 

also interested because they are self-assembling patterns which provide micron (and in 

some cases sub-micron) scale features which may prove useful in manufacturing.  To the 

best of the author’s knowledge, this work is the first to report the patterning of cellular 

films using bacteria.  Key parameters which have a major influence on the residue 

structure are the length of time the mica is exposed to the laboratory atmosphere, or mica 

age, and the length of time the suspension ages in a carbon free salt solution.  

Experiments were conducted to investigate each of these factors and the results are 

presented in manuscripts as appendices A and B.  In appendix A, is a manuscript which 
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focuses on the size and patterning of residues made using fresh suspensions ( < 430 

minutes) and mica at a wide range of ages.  Appendix B contains a manuscript which 

deals with the size and patterning of residues using mica and suspensions at a range of 

ages.   

1.2. FORMAT OF DISSERTATION 

The format of this dissertation includes two manuscripts to be submitted for 

publication in appendices A and B.  These manuscripts contain the experimental methods, 

results, and discussion.  Appendix C includes pictures of drops on mica along with brief 

discussions about the features found in the images.  Topics discussed in Appendix C 

include drop defects, methods of measuring drops, and interior deposition.  Appendix D 

includes images of the equipment used as a reference for future investigators who may be 

unfamiliar with the present author’s use of terms.  Appendix E contains scanning electron 

micrographs which show the micron scale structure of the patterning and edge deposition 

of drops made with a bacterial suspension. 

1.3. CELLULAR FILM PATTERNING 

Many investigators have reported work on self-organizing particle films1-9.  These 

authors often find cellular patterns like those reported in this dissertation.  Moriarty et al.2 

and Ge and Brus3 used 2nm gold and 4nm CdSe particles respectively to form cellular 

patterns.  The holes they obtained were on the order of 0.5 to 1.0 microns.  Deegan4 

deposited sulfate terminated polystyrene spheres 0.1µm and 1.0µm in diameter from 

drying drops on mica which had been cleaved in the presence of water.  He found a 

variety of patterns including cellular films and arrow shaped patterns when using 0.1µm 

50µm 
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particles, but when he used 1µm particles, the patterns were not distinctly cellular.  Hole 

sizes in Deegan’s patterns ranged from 5µm to 50µm depending on particle concentration 

and surfactant concentration.  The arrow shapes were on the order of 250µm in size4.  

Lazarov et al.5 formed cellular films using a florinated oil as a substrate which would 

then evaporate, leaving the pattern on an underlying surface of arbitrary composition.  

Park and Moon6 studied the behavior of 700nm particles which were inkjet printed onto a 

surface.  They found very heavy edge deposition.  They found both continuous and 

discontinuous interior deposition.  The spacing for both types of interior deposition was 

approximately 10µm.  Continuous interior deposition for Park and Moon’s work however 

was much less regular than the patterns reported by Denkov et al.1 and Deegan et al.4  

Truskett and Stebe7 developed very regular cellular films through careful tailoring of 

Marangoni-Bénard flow.  Balint et al.10 reported occasional formation of a cellular film of 

DNA fragments which patterned with holes about 1µm in diameter.  In addition to 

forming cellular films, many have sought to make solid, non-cellular films.  In studying 

the formation of solid films, Denkov et al. reported images of cellular film formations1.  

Denkov et al. used 1.7µm polystyrene latex particles.   

The theory of the formation of particle patterns has also been the topic of substantial 

efforts2, 3, 7, 11-15.  Velev et al.12 and Kralchevsky et al. 11, 13 have studied capillary forces as 

an organizing force between particles trapped in a film.  Cellular film formation can be 

caused by capillary forces when the thickness of the fluid film is less than the diameter of 

the particles.  Capillary forces can be present when the film is thicker than one particle 

diameter if the particles are buoyant.  The forces however are strongest for wetting 
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particles in the thin film.  Spinodal decomposition has been associated with cellular films 

of nanoparticles 2, 3.   

The formation of cellular patterns has also been attributed to Marangoni-Bénard 

flow7, 14, 15.  Truskett and Stebe7, Maillard et al.14, and Stowell and Korgel15 showed that 

Marangoni-Bénard flow can produce patterning given carefully controlled conditions.  

Deposition resulting from Marangoni-Bénard flow is based on the motion of fluids within 

a film and occurs when the particle diameter is much smaller than the film thickness.  

Marangoni-Bénard flow arises in fluid films when the temperature gradient between 

evaporating air-liquid interface and the liquid, substrate interface produces convection 

currents.  A thermal gradient is built up in a thin liquid film which is drying due to the air 

exposed surface experiencing evaporative cooling.  For a Marangoni-Bénard cell to be 

established, a Marangoni number (Ma) of 80 or greater is required15.  As given by Sowell 

and Korgel, a Marangoni number is calculated according to: 

 
ρνκ

σ Td
Ma T∆= . (1.1) 

For a Marangoni number calculation, Tσ  is the rate change in surface tension as a 

function of change in temperature, T∆  is the temperature difference between the top and 

bottom of the film,  d is the thickness of the fluid film, ρ is the density of the fluid, ν  is 

the kinematic viscosity, and κ is the thermal diffusivity of the fluid phase. 

  If these conditions are met, a small variation in the surface temperature of the drop 

will result in the surface expanding where the surface is warmer and contracting where 

the surface is cooler.  Contraction pushes the fluid downward and the expanding surface 
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pulls fluid up to the surface.  As this convection takes place, areas of horizontal flow and 

areas of minimal flow at the substrate are formed.  The empty spaces in the cellular films 

correspond to the areas where a horizontal flow at the surface scoured the substrate.  A 

key aspect of this process is that it provides a single wavelength or characteristic cell size.  

If a cellular film has more than one characteristic cell size, then another mechanism must 

be present.  This in part lead Moriarty et al.2 to conclude that a mechanism other than 

Marangoni-Bénard flow must have been present in their system.  Moriarty et al. observed 

that toluene formed cellular patterns while hexane did not even though hexane should 

have a 4 fold greater Marangoni number.  They also found that higher concentrations 

gave smaller hole sizes in the cellular film.  This is the opposite of what would be 

expected based on the work of Stowell and Korgel15.  Moriarty et al. cited Stowell and 

Korgel’s Marangoni number calculation and inverse scaling of hole size with particle 

concentration as reasons for ruling out the Marangoni effect as the sole effect causing 

patterning in their system. 

Moriarty et al. interpreted the patterning which they observed using van der Waals 

forces and spinodal decomposition2.  Examples of spinodal decomposition are most 

common in systems of two chemical species which are miscible at high temperature, 

immiscible at low temperature, and can transition between the two without a nucleation 

and growth process occurring.  As a solution cools, chemical species travel from areas of 

lower concentration to areas of higher concentration.  In effect, the chemical potential 

gradient is of opposite sign from the chemical concentration gradient.  In the patterning 

systems of Moriarty et al. (2 nm particles) and Ge et al. (4 nm particles), nanoparticles 
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are treated like atoms which are undergoing phase separation with the solvent.  Due to the 

small particle size, it is not clear if the nanoparticle results can be used to explain work 

carried out with particles 1 micron in size.  Moriarty et al. and Ge et al. do not include 

capillary forces as a possible mechanism for forming cellular films.  Moriarty et al. do 

address and rule out Marangoni flow as a cause for the patterning which they report in 

their system. 

Capillary forces arise when the surface of a film is disturbed by a particle1.  When a 

wetted particle is trapped on a surface, the surface of the liquid is lifted along the edge of 

the particle.  The energy is minimized if the particle is close to another particle which 

also has the effect of raising the surface.  As a result, an attractive force exists between 

particles trapped in a fluid film which wets both particles and is thinner than each of their 

diameters.  To explain particle patterning in my system, I utilize the capillary force 

interpretation of Nagayama et al1, 16.  This is primarily due to the use of similarly sized 

particles used in this work and Nagayama’s work(~1µm)1 which is in contrast to the 

spinodal decomposition papers which used 2nm gold particles2 and 4nm CdSe particles3.  

It should be noted however that there is a qualitative similarity between the two size scale 

cellular patterning reported by Moriarty et al. and the work published in this dissertation.  

In both systems, there is a larger spacing and a smaller spacing.  The smaller cells tend to 

be found at the intersection of the cell walls (deposition lines) of the larger cells. 

1.4. MICA AS A PATTERNING SUBSTRATE 

Published studies of mica’s interaction with water have spanned more than a 

century17-26 and have attracted the attention of prominent scientists such as Irving 
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Langmuir27.  The questions have included whether or not mica is totally wetting28, 29, the 

chemical composition of layers condensed onto the surface of mica19, 27, 30, 31, and the 

extent of water coverage on a mica surface under various relative humidities24, 26.  

Langmuir27 quantified water and carbon dioxide which had deposited on mica surfaces.  

He found that the deposited material corresponded to 2 monolayers of water and one 

monolayer of carbon dioxide.    Mica is an aluminosilicate with a sheet like structure32.  

Charge balancing potassium ions are found between negatively charged structural planes.  

Mica can be cleaved into molecularly smooth sheets4.  Balmer et al. studied the isotherm 

of water on mica with and without the potassium ions exchanged for H+.  They found that 

the isotherms differed significantly in a way which indicated discrete deposition points 

when potassium ions were present.  They did not find the same evidence when using H+ 

exchanged mica. 

Cleavage of mica has also attracted significant attention.  Metsik looked at the 

survival of charges on the surface when the mica is cleaved33, 34.  Obreimoff in his study 

of mica cleavage noted that visible emissions can be observed when mica is cleaved in an 

adequately dark room35.  Wan et al. showed that mechanical energy release rate increases 

with crack velocity when the crack velocity is sufficiently large36, that mechanical energy 

release rate decreases with increasing relative humidity (RH)36, that mechanical energy 

release rate is independent of crack rate when the work is carried out in water36,  and that 

the mechanical energy release rate decreases when mica is recleaved36, 37.  Obriemoff35 

and Gutshall et al. 38 showed that the cleavage force of mica is dependent on the vapor 

pressure of the atmosphere in which the mica is cleaved.  This pressure dependence may 
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arise from the fact that at low pressures, smaller amounts of water are available in the 

atmosphere.  Gutshal et al. also found that the cleavage force was dependent on the type 

of gas in the atmosphere38 (i.e. ammonia vs. oxygen).   

Of particular applicability to the present work is Christenson’s 1993 paper31 which 

showed a decrease in the adhesive or “pull off” force measured between two mica 

surfaces as a function of time the mica was exposed to the atmosphere in a surface forces 

apparatus.  A particularly interesting aspect of his work which directly impacts the 

interpretation of Appendix A is the 1 to 2 day time scale over which the majority of the 

decrease in surface energy takes place.  Christenson does not identify a source for this 

long time frame decrease in mica surface energy.  However, he does write that it “may be 

related to the slow adsorption of contaminants, possibly of organic origin.”31  The 

relevance of Balmer’s work on the wettability of mica as a function of potassium ion 

presence is not clear based on the available data. 

1.5. INTRODUCTION TO DROP DRYING 

Sessile drops have been used to measure the contact angle of a liquid on a surface for 

many years.  Original work relating to water drops on mica includes German language 

work by Quinke17 and Riess18.  Quinke17 is cited as reporting that mica changed from 

totally wetting to having a finite contact angle after 20 minutes of exposure to the 

atmosphere by Ross and Morrison39.  When examining Quinke’s paper17, I found that he 

wrote (p. 159) that the contact angle goes up with increasing time of exposure to the 

atmosphere for mica, topaz, limestone, and gypsum.  He used freshly cleaved materials.  

Quinke also wrote that it only takes a few seconds of exposure for the wetting to non-
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wetting transition to occur.  He cited Riess as having previously reported the transition 

from water fully wetting mica to partially wetting mica.  Riess18 reported that fresh mica 

was totally wetting and that old mica is not totally wetting (p.220).   

More recently, sessile drops have been studied as a method of depositing particles on 

a surface4, 6, 40-43.  Sessile drop deposition can be characterized as being interior 

deposition or edge deposition.  Interior deposition was discussed earlier in this chapter.  

Deposition of particles in high concentrations at the edge of a drop has been explained as 

being the result of contact line pinning, capillary forces, and evaporation working 

together to form a continuous radial fluid flow which moves particles to the perimeter40.   

To the best of the author’s knowledge, Nellimoottil et al. reported the only attempt to 

examine the spatial distribution of bacteria within a drop residue42.  Nellimootil et al. 

claimed that the motility of bacteria in their system caused a net movement away from 

the contact line resulting in interior deposition.  The proposed mechanism was that the 

random motion of motile bacteria had a net movement down the concentration gradient 

of motile bacteria.  The control used was non-motile bacteria.  Nellimoottil interpreted 

their data as showing that the non-motile bacteria deposited at the three phase contact line 

preferentially.  Objections to this work were raised by Sommer and Zhu44.  The objection 

claimed (1)that increased interior deposition of bacteria was likely to be the result of 

motile bacteria being “stickier” bacteria than non-motile bacteria, (2)that Nellimoottil et 

al. did not give a convincing mechanism, and (3) that chemotaxis would dictate that the 

bacteria should swim towards the edge and not towards the middle.  Nellimoottil et al. 

responded (1)that both the motile and non-motile bacteria were from identical strains and 
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therefore should have had equal stickiness, (2)that it is reasonable to suppose that bacteria 

swimming randomly should move down the bacterial concentration gradient, and (3)that 

there was no food available to provide for chemotaxis because the bacteria had been 

washed twice in doubly distilled sterilized water.  The present author draws the reader’s 

attention to the fact that no findings were demonstrated nor claimed by Nellimoottil et al. 

with regard to interior patterning and that when one examines the image provided in the 

paper, no cellular patterns are apparent. 

This dissertation reports the evaporative deposition of bacteria from a drying 

aqueous drop on mica.  For fresh suspensions, as the mica ages through exposure to the 

atmosphere, the residue left by the bacteria and solution salts changes profoundly.  For 

short exposure times, the residue covers the largest area and is characterized by rings 

formed during discrete depinning events as the solvent evaporates.  As the exposure time 

increases and the mica surface slowly picks up contaminants from the atmosphere, the 

drop residue shrinks in size and bacteria are deposited in a regular cellular film in the 

interior of the drop residue.  The fraction of the interior area covered by the cellular film 

is well correlated with the mica exposure time.    

For aged bacterial suspensions deposited on mica exposed to the atmosphere for a 

short time, drop spreading is reduced and residues are small compared to fresh 

suspensions.  This is attributed to the presences of aging related materials such as 

proteins, DNA, RNA and other cell components.  The residue interior is more filled in 

and the deposition shifts from the cellular film seen with fresh suspensions to a cracked 

carpet pattern possibly related to gelation of suspension aging products.  Overall, it is 



18 

 

shown that by tuning the amount of time a surface is exposed to the atmosphere and the 

length of time the suspension is aged, one can use evaporative deposition as a simple way 

to control the spatial deposition of bacteria on a surface. 
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2. PRESENT STUDY 

2.1. CONCLUSIONS 

For the first time, patterning bacteria can be done easily and cheaply.  This is 

carried out using a sessile drop of fresh suspension on a mica surface.  The ease and low 

expense of this method originates with the self-assembly nature of the method.  This is in 

contrast to methods such as microcontact printing which requires the synthesis of a 

delicate high resolution template. 

 This work shows a decrease in the surface energy of mica as a function of the 

length of time the mica is exposed to the air.  This decrease is inferred from a decrease in 

wetting of the surface by a bacterial suspension.   

 Mica passivation by air is rapid upon initial cleavage, but can continue slowly 

over many months.  Using a fresh suspension, a rapid decrease in drop size is observed 

for the first 10 minutes.  The rate of decrease is slower between 10 minutes and 15,000 

minutes.  A slight decrease in size with mica age between 15,000 minutes of mica age and 

200,000 minutes of mica age was measured. 

 The drops which patterned were partially wetting.  This indicates that the surfaces 

were moderately hydrophilic.  The most wetting surfaces were observed to suppress 

pattern formation.  It is concluded that highly wetting surfaces promoted more effective 

edge deposition and as a result, there were fewer bacteria to deposit in the interior 

patterned region when the drops finally depinned.  In these cases, a non-patterned solid 

mass was found on the upwind side of the drop.  It is understood that the upwind edge 

had the greatest evaporation rate, and therefore the upwind edge accumulated the most 
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pinning mass and remained pinned longer than any other part of the drop edge.   

It was observed that the drops became rounder and started to have a small amount 

of patterned interior area around 1 hour mica age.  Beyond 1hr, drops continued to get 

smaller and deposit a pattern on a larger fraction of the interior area until 10,000 minutes.  

Beyond 10,000 minutes, fill-in was typically total or near total (~95+% fill-in) and the 

drops continued to become smaller (less spread out).  It is thought that the higher contact 

angle drops have a lower radial velocity and a taller aerodynamic profile.  This resulted in 

the upwind edge of the drop being one of the first portions of the three phase contact line 

to depin.  This also resulted in substantial numbers of bacteria remaining in suspension 

when the drop depinned.   

Old suspensions generally produce smaller drops with greater interior residue 

deposition.  This may be an effect of the lysed bacteria changing the solution chemistry 

after 10,000 to 15,000 minutes. Plate counts of the bacterial suspensions over time 

demonstrated a decrease in culturable bacteria of one order of magnitude or less over the 

course of a month.   

 For suspensions older than 15,000 minutes, mica aging is likely governed by two 

different mechanisms.  It is observed that on fresh mica residue size is small.  This is 

likely due to the effect of suspension aging materials on drop spreading.  Residue size 

then increases with mica age until about 10 minutes in mica age.  This suggests that the 

material that is deposited on mica from the atmosphere competes with the suspension 

components that are inhibiting spreading.  As the atmospheric material builds up, it 

appears to be able to “neutralize” more of the suspension material until at about 1 hour 
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exposure when enough material from the atmosphere is adsorbed to control residue size.  

At this point, drop size decreases with mica age independently of the suspension aging 

material.  The increase in drop size may be mediated by atmospheric deposition on the 

surface while drop size decrease may be mediated through the deposition of an 

unidentified airborne organic substance.  The drop size of old suspensions is understood 

to be sensitive to the availability of oxygen during suspension aging.  Increased exposure 

of the suspension to the atmosphere is correlated with smaller drops. 
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2.2. RECOMMENDATIONS FOR FUTURE WORK 

 

 All future drop drying experiments should be very careful to report mica 

preparation conditions.  These conditions need to include the time between mica cleavage 

and the deposition of the drop.  These reports should include any information which is 

available about the atmosphere, airflow, and measures taken to control particulate 

contamination.  Bacterial suspensions need to be described in terms not only of species, 

concentration, and solution composition, but the suspensions also need to be described 

with respect to age and with respect to oxygen availability. 

 Biochemical analysis should be performed on supernatants from which the 

bacteria have been removed using a filter.  Analysis of the outer molecules of the 

bacterial membrane may also prove useful.  Motility should also be examined as a 

function of suspension age and as a function of exposure to air.   

 General topics of concern should include: 

Vibration of the bench 

Uniformity of air flow at the surface 

Repeatability of drop volume 

Repeatability of drop dispensing (velocity, tip impact, etc.) 

Below are some experiments which are likely to show additional insight to the 

bacterial suspension-drop drying system.   

The zeta-potential of the bacteria should be examined as a function of starvation 

and exposure to air.  Since the bacteria discussed in this dissertation are gram-negative, it 



23 

 

is expected that the bacteria will typically be negatively charged.  How the magnitude of 

the charge varies is expected to have an impact on particle-particle forces as well as the 

propensity of bacteria to segregate to interfaces (i.e. low-charge, hydrophobic bacteria 

may segregate to the air-water interface).  When the zeta potential is measured, Eh data in 

addition to pH is likely to be interesting. 

 An experiment which could provide some useful information would be to remove 

the bacteria from a suspension using a filter prior to making a drop.  This type of an 

experiment was performed using a microcentrifuge instead of a filter.  The results appear 

to suggest that drop size is related to something which remained in the supernatant after 

centrifugation, however, the efficiency of removing bacteria via centrifugation is thought 

to be somewhat low and therefore, filtering should be tried. 

An experiment which might be useful would be to filter an aged suspension and 

add to the supernatant, non-biological particles of similar size and electrical charge 

(perhaps ~1µm silica spheres).  The point of this experiment would be to probe the 

significance of the molecules on the outside of bacteria in forming patterns.  There could 

be some form of binding which may be taking place in the drop which non-biological 

particles may not have.  The advantage of this experiment is that if drops are made 

without bacteria or other particles and patterns are observed, then the lack of pattering 

when bacteria are merely removed may not be attributable to the lack of bacteria 

specifically as much as to a lack of particles.  If non-biological particles with aged 

supernatant give aged behavior, then it is established that the critical chemical agent(s) 

which result in aging behavior are in the supernatant.  This would reduce the need to 
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analyze the molecules of the outer leaf of the bacterial membrane. 

Another experiment which would be very useful would be to age mica in various 

gasses including water vapor.  Varying the concentration of these would provide the 

kinetic data necessary to provide manufacturing guidelines and which would be needed to 

begin to build a model of the reactions taking place. 

Particles (i.e. gold particles, latex particles, etc.) could be mixed in to the 

suspensions to see if the bacteria could be used as a template for other materials. 

Modeling this work in a way which would allow hole size predictions would be 

very useful.  A list of important parameters for such work would be expected to include 

particle size, viscosity, surface tension, and effective surface energy of the substrate after 

being wetted.  The effective surface energy after being wetted is expected to be different 

than the surface energy before being wetted. 

Attempts to study bacterial concentration effects were carried out prior to mica 

and suspension aging behavior and as such are not reportable.  Therefore, concentration 

experiments are recommended.  It is anticipated that lower concentrations will give less 

fill-in.  It is also thought that increased mica age may compensate at least partially for 

decreases in concentration. 

No drops were made with the unwashed suspensions.  Unwashed suspensions will 

have higher bacterial concentrations than the washed suspensions.  As a result, slightly 

faster response to mica aging may be observed with unwashed suspensions. 



25 

 

High speed (recommend ≥30fps), high resolution (recommend ≤2µm x ≤2µm 

pixels) optical recording equipment is expected to provide substantial insight as to the 

mechanism of this process when the drops are made using the process described above.   
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Abstract 

In this work, we study the evaporative deposition of bacteria from a drying 

aqueous drop on mica.  As the mica ages through exposure to the atmosphere, the residue 

left by the bacteria and suspension salts changes profoundly.  For short exposure times, 

the residue covers the largest area and is characterized by rings formed during discrete 

depinning events as the solvent evaporates.  As the exposure time increases and the mica 

surface slowly picks up contaminants from the atmosphere, the drop residue shrinks in 

area and bacteria are deposited in a regular cellular film in the interior of the drop 

residue.  The fraction of the interior area covered by the cellular film is well correlated 

with the mica exposure time.  Evaporative deposition is a simple way to control the 

spatial deposition of bacteria on a surface. 

 

Introduction 

Spontaneous ordering of materials is of importance for numerous technological 

applications and has captured the interest of scientists for decades.  Patterns in nature 

have inspired the development of new materials and have helped advance understanding 

of the fundamental physics and chemistry of materials.  Self assembly of molecules and 

particles on surfaces offers ways to create new surfaces and templates for future 

materials1-15.   

A simple technique to deposit materials on surfaces is by evaporative deposition 

from a drying drop1, 5, 8, 10, 11, 13.  The simplicity of the technique does not mean that the 

deposition process is not complicated.  Deegan and coworkers11 evaporated a drop of 
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microspheres suspended in an aqueous solution on mica.  They showed that preferential 

evaporation at the three phase contact line induces fluid flow to the edge of the drop 

leading to accumulation of colloidal particles contained in the suspension, producing the 

well known coffee drop stain.  By decreasing the evaporation rate, Deegan and 

coworkers10 demonstrated that the residue size increases and by only allowing vapor to 

escape over the center of the drop they showed that the colloidal particles deposit in the 

interior of the drop residue.  In further work, Deegan1 produced a number of different 

patterns in the interior of residues by varying particle, salt and surfactant concentrations.  

In some cases, cellular films were produced as the contact line retreated during drying.   

Cellular networks are ubiquitous in nature (i.e. soap froths, metallurgical grains 

and biological tissues) and appear on vastly different length scales16.  As mentioned 

above, two dimensional cellular networks or cellular films can be produced by 

evaporating a film of particulate material on a surface.  A variety of techniques such as 

evaporative deposition from a drying drop1, 5, modified dip coating17 and spin coating2 

have been shown to produce these films.  Particulate materials include polystyrene 

microspheres1, 10, 11, gold nanoparticles2, cadmium selenide nanoparticles3, DNA18, and 

bacteria17.   

In this work, we study the evaporative deposition of bacteria from a drying drop 

of an aqueous, salt suspension on mica.  We show that simple conditioning of the surface 

through exposure to the atmosphere profoundly affects the residue left by the bacteria and 

salt on evaporation.  Mica and other high energy surfaces readily adsorb atmospheric 

components such as water, carbon dioxide and molecular and particulate organic 
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material.  For short exposure times, the residue is composed of rings left by depinning 

events which are formed as detailed by Deegan11.  As the exposure time increases and the 

mica surface slowly picks up contaminants from the atmosphere, the drop residue shrinks 

in size and interestingly bacteria are deposited in a regular cellular film in the interior of 

the drop.  The fraction of the interior area covered by the cellular film is well correlated 

with the mica exposure time.  It appears that this is a simple way to control the deposition 

of bacteria on a surface. 

 

Materials and Methods 

The bacterial suspension was prepared as follows.  Pseudomonas aeruginosa 

PAO1 was precultured in 30 ml R2B growth media (composition below) under aerobic 

conditions at ambient temperature for 24 h.  R2B consists of 0.5g of dextrose, 0.5g of 

Protease Peptone #3, 0.5g Yeast Extract, 0.5g Casamino acid extract (Bacto), 0.5g soluble 

starch, 0.1g MgSO4
.7H2O, 0.3g HK2PO4, 0.3g sodium pyruvate in 1L of 18MΩ water.  

The preculture was used to inoculate a culture, which was grown for a further 24 hours.  

The bacteria were harvested between late exponential and early stationary phase.  The 

cells were centrifuged for 10 min at 1940 x g (Beckman, model J2-21 Centrifuge). The 

cells were then washed in 30 ml of a minimal salts media (MSM, 0.15g NH4H2PO4, 0.1g 

K2HPO4, 0.00041g FeSO4·7H2O, 0.05g MgSO4·7H2O in 100mL water) to remove 

extracellular material and organic media components.  The cells were then centrifuged 

and resuspended in 30 ml of fresh MSM.  After this final resuspension, the bacterial 

suspension was dispensed into 1.8mL microcentrifuge tubes and stored for drop 
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deposition experiments.  The ionic strength of the MSM was 0.061 M and the pH was 

between 6.4 and 6.6.  The MSM did not contain a carbon source.  This protocol resulted 

in a reproducible suspension of cells with a concentration between 5 × 108 cfu/ml and 1 × 

109 cfu/ml as determined by dilution plating.  P. Aeruginosa is a motile strain and under 

these conditions the bacteria are negatively charged. 

Ruby mica (S & J Trading Inc. NY) was selected as the substrate for these 

experiments because mica is commonly used in surface studies and is easily prepared into 

molecularly smooth surfaces19 that are clean when initially cleaved.  The mica was 

cleaved and the drops were deposited and allowed to dry in a laminar flow hood to 

minimize dust contamination.  Thick pieces of mica were initially cut into samples 

typically 2.5 to 3.0 cm wide and about 3 to 7 cm long.  The mica was then cleaved using 

needles, forceps, and as appropriate gloved fingers.  These pieces were then placed on the 

working surface of the laminar flow hood until drop deposition experiments were 

performed.  An acceptable surface is one which shows no visible steps and has no visible 

surface particles.  The time the mica was exposed to the atmosphere (in the laminar flow 

hood) prior to drop deposition ranged from 0.25 min to 148 days.  4µL drops were made 

on the mica samples using a 10÷100 VWR pipetter.  The number of drops per piece of 

mica varied with length of the sample.  In order to keep the bacterial suspension well-

mixed, the suspension was vortexed before each drop or set of drops.  The suspension age 

ranged from 6 minutes to 430 minutes and was reckoned from the time of the final 

suspension resuspension.  Residue size and fraction of interior deposition data were 

analyzed as a function of suspension age and it was found that there was no dependence 
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on suspension age at these early times.  As the suspension ages, older suspensions begin 

to accumulate organic materials that are presumably bacterial exudates or lysis products 

which arise in response to the starvation conditions.  This will be discussed in a separate 

publication. 

After drying, the area covered by the drop residue and the fraction of the area 

filled with patterned bacteria were determined by measuring the two major axes of each 

drop residue, and the diameter of the unfilled, interior hole along the longest drop axis 

using a grid.   The ratio of the filled in area to the total drop area, or the fill-in factor, F, 

was calculated according to 

 
2

22

R

rR
F

−
= . (1) 

R is the radius of the drop residue along the major axis and r is the radius of the 

interior unpatterned area along the major axis.  The area of the drop was obtained as 

A=πRR’ where R’ is the drop radius perpendicular to R.  Almost half of the drops were 

also imaged using an Olympus IMT-2 inverted optical microscope with a Hamamatsu 

ORCA-100 CCD camera. The area of the drop and the fill-in factor were also determined 

directly from these images by counting pixels associated with the patterned and 

unpatterned regions.  While the grid based fill-in calculations treat the drops and interior 

regions as if they are circular, the grid based area measurements were within 10% of the 

image based area measurements in all cases where both measurements were performed. 

The greatest difference was found for large drops with low fill-in.  The image results 

were used in the analysis when available (about half of the drops), and the less time 
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consuming grid measurements were used to analyze the remainder of the drops.   

Scanning electron microscopy was performed on a Hitachi S3400-N.  The drops 

were made under ambient conditions during the months of February through May and 

October through December during which the laboratory humidity typically varies 

between 10 and 30%.  

 

Results 

A drop of bacterial suspension is placed on a mica surface and allowed to dry 

under the influence of laminar flow filtered laboratory air.  On deposition, the drop 

spreads to its maximum size and remains pinned for a substantial fraction of the drying 

time.  As discussed by Deegan 11, pinning is reinforced by evaporation at the three phase 

contact line which draws the suspension components to the edge of the drop.  The 

bacteria and salts remain on the surface after drying is complete and leave a two 

dimensional residue which marks the surface area over which the drop initially spread.  

Figure 1 contains images of representative residues left by this process.  The air flow 

direction is from left to right.  The dark features correspond to bacteria, salt, or a 

combination of the two.  The light areas are where residual material is minimal.  Images 

of entire residues are shown in the left column.  The mica exposure time increases from 

image A (7 minutes exposure) to E (92 days exposure).  The images are shown at the 

same scale.  It is easy to see that the surface area covered by the residue, which correlates 

to the extent of initial drop spreading, decreases as mica exposure time increases.  Freshly 

cleaved mica has a high surface energy20, and the drops spread most at the shortest 
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exposure times giving the largest residues.  Figure 2 shows a plot of residue size as a 

function of mica exposure time for a large number of drops.  Different symbols denote 

different experiments, and the letters A through E denote the measured sizes of the Figure 

1 residues.  In order to determine if the bacteria are necessary for the observed decrease 

in size, a number of drops of MSM without bacteria or other organic components were 

deposited, and it was found that those drops also decreased in size in a similar fashion 

with increasing mica exposure time (see the filled circles in figure 2 and image in figure 

3).  The decrease in drop spreading and therefore residue size appears to be associated 

with changes on the mica surface due to exposure to the ambient atmosphere.  The 

decrease in drop size implies an increase in contact angle.  If the drop surface is 

approximated as a spherical cap, the contact angle can be estimated to vary from ~1° for 

the largest drops at the earliest times to ~10° for the smallest drops at the longest time.   

In addition to the overall decrease in residue size, there are differences between 

the residues in the details of the interior deposition.  This is more clearly seen in the 

middle and right columns of Figure 1 in higher magnification images of selected regions 

of the residues.  The middle column corresponds to the boxed region on the left side of 

each residue, and the right column corresponds to the boxed region of the right side of 

each residue.  The residue edge becomes smoother from residue A to residue E.  There is 

also an increase in organization of the outer ring.  The outer ring of the top image appears 

quite disordered whereas the outer rings of the lower images are banded.  A notable 

feature is the presence of a honeycomb or cellular film in a number of the magnified 

images (see Figure 1 panels C1, D1, E1 and E2).  The characteristic holes in the film are 
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on the order of 50 µm in diameter.  The pixels are larger (1.7 µm) than bacteria (1 µm in 

diameter) so individual bacteria are not visible.  A cellular film is also present in Figure 1 

panels B1 and D2 although a smaller fraction of the image is filled with the cellular 

structure.  Notably there is no cellular film structure in residue A, and only a small area is 

covered on the left side of residue B.  Figure 4 shows the fraction of the residue covered 

with a clearly visible film of bacteria and salt as a function of mica age.  Different 

symbols denote different experiments and the letters A through E correspond to the 

Figure 1 images.  The majority of the transition from residues without cellular films to 

residues completely covered by cellular films occurs between 1 and 48 hours.  The MSM 

residues also fill in with a continuous salt crystal deposition on increasing mica exposure 

(symbols in Figure 4).  These residues however do not contain cellular film structure.   

While the decrease in drop size and corresponding increase in contact angle is not 

surprising for aqueous suspensions on mica exposed to the atmosphere21, 22, an additional 

finding is that the interior residue configuration or pattern also depends on the length of 

time the mica is exposed to the atmosphere.  In general, drops remain pinned for the 

majority of the drying time.  Fluid flow draws bacteria and salts to the pinned contact line 

as described by Deegan11.  The laminar flow from left to right leads to a preferential 

accumulation of bacteria and salts on the left side of the drop and in all cases deposition 

is enhanced on the left side of the residue.  For residue A in the final drying stages, the 

contact line depins on the right and undergoes a series of sequential depinning and 

pinning events leaving a trail of rings that are visible over the right side of figure 1 panel 

A.  The drop dries from right to left and no cellular film is formed.  Cellular film 
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formation is associated with depinning from the left side of the drop.  In residue B, the 

drop again depins from the right leaving ring deposits, but it also depins from the left side 

giving rise to a small area covered by a cellular film.  The ring deposits in this case are 

easy to see on the right side of the image.  They are less prominent in the center but can 

be seen on examining the image at high magnification.  The drop dries toward the left 

side of the residue. With increasing mica exposure to the atmosphere, the bacteria and 

salts are deposited through the depinning event that occurs on the left side of the drop 

leaving a cellular film which covers the residue from the left side.  The cellular film free 

interior of residues C and D do not contain dense particulate rings as in residues A and B.  

For the drops giving rise to residues C and D, the contact line is initially pinned for a 

number of minutes (about 4) and then it depins from the left side and retracts quickly in a 

smooth motion apparently depositing bacteria and salt in a regular cellular or honeycomb 

pattern.  The contact line pins again at a smaller drop diameter and then after several 

more minutes the drop collapses, and then the film is dry.  These residues appear partially 

covered with a cellular film.  For the longest mica exposure times, there is no second 

pinning event and the drop appears completely covered or “filled-in” with the cellular 

film (see Figure 1 panel E).  The drop giving rise to residue E dried from left to right.  

The position where the final water evaporated is the light circular region in the upper left 

quadrant of Figure 1 panel E2.  So for short mica exposure times, the drops dry from 

right to left leaving ring residues, and for long mica exposures, they dry from left to right 

leaving cellular films.  The typical drying time ranges from 5 to 8 minutes.  Drops which 

cover the most area have the highest surface to volume ratio and therefore dry in the 
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shortest times.   

Asymmetry in the interior deposition patterns correlates with the direction of the 

laminar air flow.  Particulate contamination can be seen as large dark particles on the 

residue images on close inspection.  Some of this material was deposited after the 

experiments during imaging.  It is easy to distinguish those particles which were on the 

surface during the experiment by their effect on the residue pattern.  For instance, there is 

a large (~50 µm diameter) dark particle in the lower right quadrant of Figure 1 panel C1 

which clearly affected the regularity of the film formation.  Figure 5 shows a scanning 

electron microscopy image of a portion of a cellular film residue.  The bacteria appear to 

be arranged in a monolayer with salt crystals deposited on top.  The connected segments 

that form the cellular film are actually composed of many bacteria and in general are 

about 10 bacteria wide.  The bacteria appear dilapidated from the air drying process.   

Characteristics of the cellular film produced in this process such as cell size 

appear to be independent of the residue size as well as independent of the fraction of the 

residue covered by the cellular film.  Figure 6 shows the relationship between residue 

size and fill-in fraction.  The fraction of the residue covered by a cellular film increases 

with decreasing residue size.  The onset of cellular film formation is at approximately 0.8 

cm2 residue area and complete fill-in occurs for residues smaller than about 0.4 cm2.  

Based on a spherical cap calculation, this suggests that if the drop of bacterial suspension 

is limited in spreading so that the initial contact angle is greater than approximately 7° the 

drop will be covered with a cellular film.   
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Discussion 

Changes in the residue area and interior patterning are caused by changes on the 

mica surface with exposure to the atmosphere.  The surface appears to become less 

hydrophilic as indicated by the decrease in the extent of drop spreading as atmospheric 

exposure increases.  Quinke21 reported that the contact angle of water increases with time 

of exposure to the atmosphere for a number of freshly cleaved minerals including mica.  

He further reported that it only takes a few seconds of exposure for the transition from 

wetting to partially wetting.  Riess had previously reported that fresh mica was totally 

wetting and that aged mica is not totally wetting22.  It is well known that surfaces exposed 

to laboratory air adsorb a layer of material from the atmosphere23.  The nature of some 

types of airborne contamination has been addressed in the literature24 and is considered to 

come from many sources.  Potential contaminants include water, carbon dioxide, organic 

material, dust and mica particles produced during cleaving24.  Due to the reproducibility 

of the residue size, the interior deposition features, the smooth outer profile found on 

drops made on aged mica, and the use of a laminar flow hood, mica chip and other large 

particle contamination is not considered likely to be responsible for the overall decrease 

in surface hydrophilicity.  If large particulate contamination was the primary factor, we 

would have expected more irregular contact line behavior and a noticeable increase in the 

number of visible particles on the residues with increasing atmospheric exposure.  We see 

occasional disturbances related to particle contamination, however these disturbances are 

typically found in the cellular film as opposed to being found on the residue edge.   

Other atmospheric components likely to adsorb on the surface include water, 
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carbon dioxide and material of organic origin smaller than the hood filter pore size.  It has 

long been known that when mica is cleaved, it adsorbs water from the atmosphere25.  The 

presence of water vapor reduces the force necessary to cleave mica26-28 and also reduces 

the adhesive force between mica surfaces in the surface force apparatus20.  The relative 

humidity in the laboratory where the work was performed is typically 10 to 30 percent so 

a submonolayer of water should be present at equilibrium29, 30.  Although experiments31 

and simulations32, 32 suggest that this surface adsorbed water is more ordered than bulk 

water, it is expected that the surface should come into equilibrium with atmospheric 

water quickly20.  The water adsorption process may influence drops deposited at the 

shortest exposure times.  However, it is unlikely to be responsible for continued changes 

on the surface that occur over hours of exposure.   

Carbon dioxide is also a likely component of a surface adsorbed film25.  Recent 

studies have shown that carbon dioxide reacts with ambient water vapor on potassium 

mica to form a suspension which produces a crystalline ionic material on drying. These 

crystals are likely to be potassium carbonate33, 34.  Given the extended drying necessary to 

produce these crystals, it is considered unlikely that this material is present on the surface 

in a solid form.  More likely, this material remains dissolved in the adsorbed water and 

does not contribute to variation in initial spreading and contact line pinning.   

Most likely, other materials such as volatile organics and small particulate dust 

which pass through the hood filter act to condition the surface.  Interestingly, 

Christenson20 measured the adhesion between mica surfaces in a surface force apparatus 

over a period of two weeks.  He found that the adhesion decreased slowly over time.  
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When the surfaces were removed and rinsed, the adhesion increased but then decreased 

again on further aging in a similar manner as before.  Christenson20 suggests that the 

decrease in adhesion over such long periods may be due to a contaminant of organic 

origin.  While the surfaces used in Christenson’s surface force apparatus are enclosed in a 

chamber as opposed to being exposed to a continuous flow of filtered laboratory air as in 

this work, we are apparently observing a continued decrease in surface energy over a 

similar time period.   

The edge of the residue is rough for large drops on mica exposed for short times.  

It becomes smoother with increasing mica exposure and continued adsorption of 

atmospheric material.  This material is likely water soluble and is reportedly washed off 

in aqueous suspensions20, 35.  When a drop is deposited, this material may be dissolved 

and redistributed within the drop.  It is possible that in the initial stages of mica exposure 

when the amount of adsorbed material is at a minimum, it is distributed unevenly at the 

perimeter leading to a rough residue contact line.  With increasing mica exposure, 

sufficient adsorbed material is present to affect the contact line uniformly, and the residue 

contact line becomes smoother.  This material is presumably more attracted to the surface 

than the bacteria or salts, based on the fact that it reduces the extent of drop spreading and 

residue size.  Yaminsky36 showed that surfactants in small quantities increased the contact 

angle of water on mica by accumulating at the drop edge preventing spreading.  This 

aging phenomenon was observed for both the bacterial suspension and the MSM only 

solution (without bacteria), demonstrating that this interior deposition is not dependent on 

the presence of bacteria. 
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The decrease in the area covered by the drop with increasing mica exposure has a 

profound effect on the interior deposition of the bacteria and salts.  Larger residues are 

characterized by ring deposits associated with discrete depinning and repinning events.  

Smaller residues formed from drops with higher contact angles are characterized by an 

outer deposition ring as well as a film of solids in the interior of the residue after initial 

depinning.  For bacterial suspensions, this film is cellular and for salt solutions it is a 

continuous salt deposition without larger scale features.  This makes it clear that bacteria 

are not necessary for the formation of a solute film which partially covers the residue.   

There is clearly a correlation between the contact angle of the drop which is 

dictated by the extent of drop spreading, the drying process, and the resulting residue.  

The contact angle impacts the fluid flow to the edge of a pinned drop.  In this work, the 

drop contact line remains pinned during a significant fraction of the drying time.  This 

requires fluid flow to the contact line to replenish the fluid lost to evaporation.  As 

discussed by Deegan and coworkers10, 11, the rate of mass loss per unit surface area per 

time by evaporation is strongly enhanced toward the edge of the drop.  This enhancement 

is greater for drops with smaller contact angles.  This means the fluid velocity in the 

direction of the contact line is greater for low contact angle pinned drops compared to 

their high contact angle counterparts11.  Independent of the evaporation rate dependence 

on contact angle, for the contact line to remain pinned, mass transfer to the edge must 

remain constant.  Constant mass transfer through the smaller cross-section in a low 

contact angle drop requires an increase in velocity.  Fluid flow carries solutes to the 

contact line.  For drops with smaller contact angles, the greater outward flow rate pushes 
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solutes to the edge at a faster rate compared to drops with higher contact angles.  This 

likely enhances outer ring deposition in the early drying stages.  Additionally, for the 

drops with smaller contact angles, the wedge at the contact line into which the solute 

deposits has a smaller opening angle and therefore should be more effective in trapping 

solute between the solid-liquid and liquid-air interfaces.  Thus, we propose that for large 

residues, the suspension is sufficiently depleted of solutes and bacteria during outer ring 

formation that insufficient solutes and bacteria remain for continuous film formation.  

This implies that a minimum initial contact angle is required at maximum expansion to 

ensure sufficient solutes, and bacteria remain in suspension as the contact line retracts in 

order to induce continuous film formation.  It is not clear if a surface tailored to give an 

appropriate contact angle and bacteria are the only requirements for producing the 

patterns shown here.  It is possible that the material which comprises the adsorbed film 

and/or supernatant also plays a role.  This remains for further work.   

As discussed above, bacteria are not required for residue fill-in but they are 

required for cellular film formation.  This film is reminiscent of cellular patterns reported 

by Deegan 1 for 0.1 µm and 1 µm microsphere deposition on mica.  Upon depinning, it is 

thought that bacteria are deposited at the receding contact line in a thin film of water.  It 

is likely that capillary forces organize the bacteria into a cellular film15.  The patterns in 

that work have a clearly defined direction.  The cells produced are broader on the side 

nearer the contact line and less broad on the side nearer the middle of the drop.  In the 

present work, the cellular film does not have the same directionality.  It is often difficult 

to determine the direction of the drying front from looking at a portion of the cellular 
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films in isolation from the perspective of the rest of the drop.  It is possible that the 

motility of the bacteria play a role in assembly of the cellular film causing less 

dependence on the movement of the contact line for film formation and more dependence 

on intrinsic particle motion due to motility.  Nellimoottil and coworkers13 reported that 

motility is a factor in the residue left by bacteria evaporatively deposited from an aqueous 

suspension.  They found that motile bacteria have greater deposition on the residue 

interior compared to nonmotile bacteria under the same conditions.  Investigation of the 

effect of bacterial motility on residue patterns in the present system remains for further 

work. 

Truskett and Stebe5 reported the effect of surfactant on residues evaporated from 

7.4µl aqueous drops of 0.8µm microspheres which show remarkable similarity to the 

residues presented here even though details of the experiment are quite different.  In the 

absence of added surfactant, the microsphere residues were characterized by a sequence 

of rings caused by depinning events which are reminiscent of the residues reported here 

for bacterial suspensions on mica at the shortest exposure times.  On adding sufficient 

surfactant to enter the liquid expanded-liquid condensed surface phase, they produced 

residues completely covered by a cellular film which look very similar to the cellular 

films produced here on mica for long exposure times.  Additionally, the cellular film hole 

size appears to be nearly the same as it is in this work.  The Truskett and Stebe residues 

were deposited on octadecyltrichlorosilane modified silicon wafers giving an initial 

contact angle of approximately 50° which is much greater than the estimated contact 

angles in the present paper, and the time to dry the drop was on the order of an hour 
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which is an order of magnitude longer than in the present work.  When a cellular film was 

the end product, Bénard-Marangoni cells were observed during evaporation, and the 

cellular film could be visualized at the air-water interface before drying was complete.  

The film subsequently deposited without contact line depinning on complete evaporation 

of the solvent.  In the present work, the drop did depin during solvent evaporation and the 

cellular film appeared on retraction of the contact line suggesting a role for capillary 

forces in organizing the cellular film at the three phase contact line1.  The importance of 

Bénard-Marangoni convection in producing cellular films from bacterial suspensions is 

likely negligible, however, given that Truskett and Stebe5 showed how the addition of 

surfactant caused a change in residue structure from depinning rings to a cellular film, it 

is possible that the material that deposits on mica from the atmosphere in the present 

system is in some part surface active. 

Cellular structures are ubiquitous in nature (i.e. soap froths, metallurgical grains 

and biological tissues) and appear on vastly different length scales16.  In addition to the 

cellular films created in this work with bacteria (~ 1 µm in diameter) and the work 

discussed above with 0.8 µm microspheres5, there are a number of examples of films 

formed from nanoparticles which look striking similar to the films created here.  The 

cellular size differs very significantly between the nanosphere patterns and previously 

discussed cellular patterns.  While the hole size produced with bacterial suspensions and 

0.8 µm microspheres5 is on the order of 50 µm in diameter, the hole size in a cellular film 

produced from spin coating 2 nm thiol passivated gold nanoparticles from toluene on 

silicon is about 1 µm2.  Ge and Brus3 also produced a cellular film with ~ 1µm cell size 



48 

 

by evaporating 4 nm CdSe nanocrystals from chloroform on graphite at 20-30% 

coverage.  The similarity in the cellular films produced with particles over a broad size 

range suggests there are universal features likely involved in film formation.   

 

Conclusions 

Reproducible drops such as these may provide a workhorse system by which to 

build bacterially based devices.  The unique contribution of this type of drop is the 

combination of the micron size scale of the patterning and the simplicity of the 

preparation of the materials.  Natural adsorption of atmospheric components is used to 

systematically alter the surface and tune the drop size and fraction of the residue area 

covered with a bacterial cellular film.  There is an inverse correlation between residue 

size and the fraction of the residue covered with a cellular film.  The largest drops depin 

from the downwind side of the drop leaving ring deposits.  For fresh bacterial 

suspensions, the smallest drops depin from the upwind side of the drop and are covered 

with a cellular film.  It is possible that similar results would be obtained in other systems 

for which the particle-particle and particle-substrate interactions are repulsive.   
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Figure 1.  Residues formed through evaporative deposition of a bacterial suspension on 

mica.  Dark regions are bacteria and salt, and light regions are where residual material is 

minimal.  Air flow is from left to right.  The whole residue is shown on the left and 

higher magnification images of boxed regions are shown in the middle column (left box) 

and right column (right box).  Mica exposure times are 7 min (A), 31 min (B), 95 min 

(C), 24 hr (D) and 92 days (E). 
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Figure 2.  Residue area as a function of mica exposure to the atmosphere.  Different 

symbols denote different experiments, and filled symbols are for drops deposited from 

MSM without bacteria.   
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Figure 3.  Residue from a MSM only drop on mica exposed to the atmosphere for 1600 

minutes.  Air flow is from left to right.  An optical image of the entire residue is shown in 

the upper panel, and a magnified portion of the filled in region is shown in the lower 

panel. 

 



53 

 

 



54 

 

 

Figure 4.  Fill-in fraction as a function of mica exposure to the atmosphere.  Different 

symbols denote different experiments, and filled symbols represent drops deposited from 

MSM without bacteria.   
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Figure 5.  Scanning electron microscopy images of a portion of a cellular film produced 

from evaporation of a bacterial suspension on mica.  Bacteria form what appears to be a 

monolayer on the surface, and the material on top of the monolayer appears to be salts.  A 

higher magnification image is shown in the lower panel.  
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Figure 6.  Fill-in fraction as a function of residue area.  Different symbols denote 

different experiments, and filled symbols are for drops deposited from MSM without 

bacteria.   
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Abstract 

 In this work, we report on the evaporative deposition of bacteria from a drying 

aqueous drop on mica as a function of the bacterial suspension age.  For sufficiently aged 

bacterial suspensions, residues are small and more filled-in than residues formed from 

fresh suspensions on similarly aged mica.  In addition, the interior deposition pattern 

transitions from a cellular film characteristic of fresh suspensions to a cracked carpet 

pattern for aged suspensions.  Suspension aging related changes in the residues are 

attributed to accumulation of organic materials such as DNA, RNA, proteins, and other 

bacterial components in the suspension.  The aging process is also observed to be at least 

partially dependent on ventilation of the suspension during aging.   

 

Introduction 

With an aim to develop a quick, inexpensive way to pattern bacteria, we have studied 

sessile drops of bacterial suspensions.  The drying of drops on surfaces (sessile drops) has 

been studied in a wide variety of non-living systems1, 2.  A fully satisfactory general 

model able to explain the drying of these drops and the patterns they leave behind 

remains absent1, 3.  Deposition of particles generally falls into two categories, particles 

deposited at the three-phase contact line which was discussed by Deegan4 and particles 

deposited within the area encompassed by the three phase contact line1, 3.  Drying sessile 

drops are widely known for causing suspended solids to aggregate at the edge of the drop.  

Deegan et al.4 attributed this effect, called the coffee drop ring stain, to a combination of 

capillary forces at the three phase contact line, evaporation, and a phenomenon called 
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pinning.  Pinning is where the three phase contact line is not allowed to recede 

continuously during the evaporation process.  Deegan et al. and others have written about 

various interior patterning of non-biological particles (e.g. hydroxy apatite2 and 

polystyrene1, 2).  Deegan et al. also showed that particle deposition can be varied by 

introducing sodium chloride which presumably alters the particle-particle and particle-

surface interactions3.  

In recent work5, we showed that drops of freshly prepared and washed bacterial 

suspensions deposited on mica leave residues on evaporation that depend on the amount 

of time the mica has been exposed to filtered laboratory air.  At short exposure times, 

residues are large and the interior is characterized by a series of depinning rings which 

are similar to the “coffee ring stains” reported by Deegan4.  At long exposure times, 

residues are small and completely covered with cellular films.  By simply controlling the 

build up of atmospheric components on the surface, one can manipulate residue size and 

interior deposition.  To the best of the authors’ knowledge, Nellimoottil et al. reported the 

only attempt in the literature to examine the spatial distribution of bacteria with respect to 

a drop residue6.  They found that non-motile bacteria deposited preferentially at the 

residue edge while motile bacteria had greater deposition in the residue interior.  

Nellimootil et al. attributed this to the random motion of the motile bacteria which 

resulted in a net movement of motile bacteria down the concentration gradient away from 

the contact line leading to interior deposition.  Sommer and Zhu7 argued that increased 

interior deposition of bacteria was likely to be the result of motile bacteria being 

“stickier” bacteria than non-motile bacteria, and that chemotaxis would dictate that the 
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bacteria should swim towards the edge and not towards the middle.  Nellimoottil et al. 

further reported that both the motile and non-motile bacteria were from identical strains 

and therefore should have had equal stickiness, that it is reasonable to suppose that 

bacteria swimming randomly should move down the bacterial concentration gradient, and 

that there was no food available to provide for chemotaxis because the bacteria had been 

washed twice in doubly distilled sterilized water.   

In this work, we show how the age of the bacterial suspension affects the size and 

interior deposition of a residue left by a drop of suspension dried on a mica surface.  

Bacterial suspensions are complex. The literature indicates that in a bacterial suspension 

without a carbon source, the solution concentration of proteins, RNA, and DNA increases 

over the first 48 hours8, 9.  Additionally, endogenous proteins and endogenous RNA also 

are believed to be catabolized by carbon starved cells8, 10.  The conclusion that proteins 

are consumed is supported by a study which showed that ammonia is generated under 

carbon starved conditions11.  In a study with Pseudomonas aeruginosa, over a short 

period of time (2 hours), Warren et. al. only found evidence of protein degradation12.  As 

the bacterial suspensions age over the course of the experiments presented here, it is 

likely that organic material such as free DNA, RNA, proteins, and other bacterial 

components accumulate.  For sufficiently aged bacterial suspensions, residues are small 

and more filled-in than residues formed from fresh suspensions on similarly aged mica.  

In addition, the interior deposition pattern transitions from a cellular film characteristic of 

fresh suspensions to a cracked carpet pattern for aged suspensions.   
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Methods 

Mica preparation 

Ruby mica (muscovite) was selected as the substrate of the drops because mica is 

easily prepared into molecularly smooth surfaces13 which are clean when initially cleaved 

and because it is a commonly used surface in surface forces apparatus (SFA) studies 

which have been performed in our lab.  The reported experiments were performed in a 

laminar flow hood to minimize dust contamination. 

 Mica was cleaved in a laminar flow hood using a needle and forceps.  An 

acceptable surface was one which showed no visible steps and had no visible surface 

contamination.  Contamination by small particles was occasionally observed as a large 

distortion in the drop residue.  Mica substrates were typically 2.5 to 3.0 cm wide and 

about 4 to 7 centimeters long.  The number of drops per piece of mica varied with the 

length of the mica substrate.   

Bacteria Preparation 

The bacteria was stored in a -80°C. freezer.  Freezer stocks were streak plated 

onto R2A plates.  These were used to start a 24 hour preculture.  Then the bacteria were 

cultured for 24 hours at room temperature in R2B media.  Then they were centrifuged at 

about 1940 x g for 10 minutes and resuspended in 50% Kay's media without carbon.  The 

resuspension was centrifuged a second time following the same procedure.  This 

suspension was dilution plated on R2A agar plates.  After plating was completed, drops 

were made on freshly cleaved mica. 

R2B consists of the following added to 1L of 18 MΩ water, 0.5g of dextrose, 0.5g 
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of Protease Peptone #3, 0.5g Yeast Extract, 0.5g Casamino Extract, 0.5g Soluble Starch, 

0.1g MgSO4
.H2O, 0.3g HK2PO4, and 0.3g Sodium Pyruvate.  After all the ingredients 

were added, the mixture was autoclaved for 15 to 20 minutes.  To make R2A plates, all of 

the ingredients for R2B were added and then 15g Bacto-Agar was added prior to 

autoclaving.  The only difference between R2A and R2B was that R2B was the broth and 

R2A was the agar. 

50% Kay's media without carbon was prepared by adding 1.5g/L NH4H2PO4 and 

1.0g/L K2PO4 to 18 MΩ water.  To this was added 10mL/L of 0.41g/L Fe2SO4 and 

10mL/L of 100g/L MgSO4
.H2O.  The pH was not adjusted, but was measured to be in the 

6.4 to 6.5 range.  The final solution was filter sterilized. 

After the final resuspension, the bacterial suspensions were dispensed into 1.8mL 

microcentrifuge tubes which had been autoclave sterilized.  These tubes were used 

immediately or stored at room temperature for later use. 

 

Drop Making 

During the course of the experiment, the solutions were stored in microcentrifuge 

tubes and were vortexed before each drop or set of drops.  Drops were made using a 

10÷100 VWR brand micropipetter.  The drop volume was set to 4µL.  Care was taken to 

change pipette tips between each drop or set of drops.  The solution age was reckoned 

from the time of the final resuspension of the solution.  If a piece of mica had an aspect 

ratio of 2:1 or greater, multiple drops were made on the particular substrate.  Drops were 

first made on the upwind portion of the mica, then on an adjacent downwind portion of 
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Figure 1 The major axis 
is selected when 
possible as the axis of 
symmetry, the minor 
axis is perpendicular to 
it while the length of 
the hole/depleted region 
is measured parallel to 
the major axis. 

the mica.  The number of drops on a piece of mica was determined based on the size of 

the piece of mica.  The drops were made under ambient temperature, relative humidity, 

and pressure.  While the humidity typically was not measured, measurements of humidity 

made in the lab at other times have ranged from 10% RH to 30% RH.   

 

Drop Drying Analysis 

After drying, the drops were imaged using a Diplan 

optical microscope and/or an Olympus IMT-2 inverted 

microscope with a Hamamatsu ORCA-100 CCD camera.  

The images were assembled into a composite picture of an 

entire drop using Photoshop Elements 3.0TM, Photoshop 

6.0TM, or Hamamatsu Simple PCI version 6.5.  The primary 

axis was determined by examining the drop to find an axis of 

symmetry which included both the outer drop and the 

depleted region/hole (if present) in the interior of the drop 

residue (figure 1).  The minor axis was measured 

perpendicular to the major axis.  For drops which leave an 

area void of interior deposition (depleted zone), the length of 

the hole is measured in the direction of the major axis.  Two 

principal values are calculated from these measurements.   

The fill-in factor is calculated: 
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Figure 2~ To check to make sure that the 
length/width measurement approach was a 
good approximation of actual area, the data 
generated this way were plotted against the 
data obtained by the pixel counting 
method.  (A) shows the fill-in fractions 
generated each way.  (B) shows the total 
areas generated each way. 
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−
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 “D” is the major axis, “d” is the diameter of the non-filled area along the major 

axis, “a” is the estimated area of the 

hole (depleted zone), and “A” is the 

estimated area of the entire drop.  

This fill-in factor is called the 

“calculated fill-in factor” for the 

purposes of this work.  This analysis 

assumes that the drops can be 

modeled as circular and symmetric.  

That these drops can be modeled as 

circular for these purposes was 

tested as described later in this 

section. 

A second use of the length 

measurements was the estimation of 

the total area covered by the residue 

(filled and unfilled area combined).  This is done using the equation 4/'** πDDArea= .  

Where “D” is the diameter along the major axis, and “D’” is the diameter along the minor 

axis.  While this assumes an oval shape, it turns out to match up well to values for total 

area obtained using an entirely independent method.  This area is called the “calculated 
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area”. 

In order to ensure that the measurements made in the manner described above are 

reliable, a second method of measurement was used.  Composite images were filled in 

with different colors (red and blue) at an intensity of 253 (out of a possible 255).  Then 

the images were saved and analyzed with Image J.  First an image split was performed 

and then a histogram was generated.  For each region (filled in or depleted zone), the 

pixel count was recorded.  The total number of pixels (patterned area plus depleted zone) 

is called the “measured area” for the purposes of this paper.  The ratio of the patterned 

area pixel count to the total pixels for the drop is called the “measured fill-in”.  The 

values generated using these two methods were plotted against each other in figure 2.  It 

is shown that the most significant discrepancies are for large drops sizes with low fill-in. 

Testing Oxic/Anoxic Effect 

 It was observed that drops made from tubes which were being used for the first 

time appeared to behave somewhat differently from drops made using suspensions from 

tubes which were being used for subsequent uses (2nd experiment with the tube, 3rd
 

experiment with the tube, etc.).  As a result, care was taken to reproduce these conditions.  

Tubes that were considered anoxic were tubes which were dispensed from the centrifuge 

tube into a microcentrifuge tube and then closed, and stored at room/ambient temperature 

until the tube was ready to be used after it had been aged.  Oxic tubes were 

microcentrifuge tubes which contained suspensions which had been used at least once 

between being dispensed from the centrifuge tube and being used for the experiment in 

question.  The first experiment could have been performed on the same day that the tubes 
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were dispensed, or after the tubes were anoxically aged. 

 

Results and Discussion 

A drop of bacterial suspension is placed on a mica surface and allowed to dry 

under the influence of laminar flow filtered laboratory air.  On deposition, the drop 

spreads to its maximum size and remains pinned for a substantial fraction of the drying 

time.  As discussed by Deegan4, pinning is reinforced by evaporation at the three phase 

contact line which draws the solution components to the edge of the drop.  The bacteria 

and salts remain on the surface after drying is complete and leave a two dimensional 

residue which marks the surface area over which the drop initially spread.  The area 

covered by the residue and the interior deposition depend on the length of time the mica 

has been exposed to the atmosphere and the length of time between the preparation of the 

bacterial suspension and drop deposition.  Representative images of residues are shown 

in Figure 3. 

In previous work5, drops of fresh bacterial suspension (< 430 minutes aging) were 

deposited on mica exposed to the atmosphere for varying lengths of time.  It was found 

that with increasing exposure to the laboratory atmosphere, mica becomes less 

hydrophilic likely due to adsorption of atmospheric components such as volatile organics 

and particulates smaller than the air filter pore size.  Water and carbon dioxide are also 

adsorbed by mica.  The residues cover less surface area and become more filled in with 

bacteria and salt deposits.  At short mica exposure times, the residues are large and 

contain a series of depinning rings (Figure 3, middle panel).  At long mica exposure 
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times, the residues are small and are covered with cellular films (Figure 3, lower panel).  

At the same time, it is noted that the age of the bacterial suspension is also a key factor in 

determining residue size and interior deposition characteristics.  This is presumably due 

to changes in the solution composition caused by the aging process.  The upper panel of 

Figure 3 shows the residue from a drop of an aged suspension on fresh mica illustrating 

the effect of suspension aging on residue size and extent of interior deposition. 

Figure 4 shows residue size as a function of mica age for bacterial suspensions 

ranging in age from 1 hr to 74 days.  Different symbols denote different bacterial 

suspension age ranges.  Previously discussed data5 for fresh suspensions are shown as 

closed circles for reference.  The suspension aging cutoff was based on an examination of 

residue size and the extent of interior deposition.  It was found that residues created from 

suspensions aged up to about 430 minutes were indistinguishable based on the age of the 

bacterial suspension.  This led to the definition of fresh suspensions as those aged for less 

than 430 minutes.  The effect of suspension aging between 430 minutes and 1,000 

minutes was slight. 

There is a large range in residue size (0.2 cm2 to 1.4 cm2) for short mica exposure 

(< 5 min).  Young bacterial suspensions form the largest residues and aged bacterial 

suspensions form the smallest residues.  There is clearly a dependence on bacterial age.  

Beyond 100 minutes of exposure of mica to the atmosphere, the effect of bacterial age is 

significantly mitigated.  Residue size decreases from about 0.4 cm2 to 0.2 cm2 as mica 

ages from about 1 day to 90 days independent of bacterial suspension age.  The lack of 

dependence on bacterial age for the longest mica exposure times is presumably due to the 
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continued build up of atmospheric components on the surface which appear to control 

residue size at this stage. 

Focusing on short mica exposure times (< 104 min), aged bacterial suspensions 

clearly give residues that cover less area than those produced with fresh suspensions. In 

fact, many of these residues are as small as the residues for suspensions of all ages that 

are produced on mica aged for 90 days.  This suggests that as the bacterial suspension 

ages there is a progressive change in the suspension which causes a reduction in the 

initial drop spreading and hence residue size.  Possible changes include modifications of 

the surface of the bacteria, changes in the suspension composition due to lysis of the 

bacteria, and modification of the suspension by the production of surface active 

molecules.  MacKelvie et al.8 and Campbell et al. 9 observed an increase in the 

concentration of proteins, RNA, and DNA in a bacterial solution starved of carbon for 48 

hours.  Since water from the suspension is evaporating during spreading, any or all of 

these aging materials could concentrate at the leading edge of the drop during expansion 

and pose a barrier to spreading.  

It is also possible that in the early stages of mica aging when atmospheric 

contamination is low, surface active molecules produced during suspension aging coat the 

outside of the drop soon enough after the drop is made, that the surface active organic 

coats the mica with a hydrophobic organic layer which attaches strongly to mica and 

inhibits spreading.  Yaminsky et. al. have reported substantial increases of observed 

contact angles when small amounts of charged organics (surfactants) are added to water 

drops deposited on mica14.  This is analogous to either bacterial lyses products or material 
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produced by the bacteria attaching to the mica surface and thereby being responsible for 

decreased spreading.   

Additionally, under starved conditions, the bacteria would be expected to be less 

motile for lack of an energy source, unless dead bacteria were available to be used as an 

energy source.  This could possibly impact the way bacteria accumulate at the three phase 

contact line.   

The effects of aging are most effective at the shortest mica exposure times when 

atmospheric deposition is minimal.  As mica exposure increases to about 10 minutes there 

is an increase in residue size for the oldest suspensions.  This suggests that the material 

that is deposited on mica from the atmosphere competes with the suspension components 

that are inhibiting spreading.  In some way, the atmospheric deposition reduces the effect 

of the suspension material perhaps because it is deposited on the surface first.  As the 

atmospheric material builds up, it is able to “neutralize” more of the suspension material 

until at about 1 hour exposure enough material from the atmosphere is adsorbed to 

control residue size independent of the suspension aging material.  Figure 5 shows 

representative images of an aged suspension on mica for a series of atmospheric exposure 

times noted on Figure 4 as A through F. 

The suspensions were aged in closed microcentrifuge tubes.  In some 

experiments, the same tube was used on different days to deposit drops.  This means that 

some tubes were opened to the atmosphere during the aging process allowing oxygen to 

be replenished in the tube headspace and then closed again for further aging.  Residues 

formed from suspensions in tubes that were never opened prior to drop deposition are 
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called “anoxic”.  Residues formed from suspensions that had been previously used for at 

least one other experiment are called “oxic”.  Figure 6 again shows the residue area as a 

function of mica age.  The symbols now identify residues as oxic (blue circles) or anoxic 

(red triangles).  For reference, the data for fresh suspensions are also shown (filled 

circles).  It can be seen that for short mica exposure times residues prepared from tubes 

that had never been opened are in general, larger than aged residues prepared from tubes 

that had been opened for prior use.  This suggests opening the tube during aging to allow 

equilibration of the headspace gases with the atmosphere alters the aging process.   

At short mica exposure times, fresh suspensions form the largest residues.  In 

general, the aging process changes the suspension composition as discussed above to 

produce small residues.  Residues produced from anoxic suspensions are in general 

smaller than those produced from fresh suspensions but larger than residues produced 

from oxic suspensions.  One possibility is that the aging process is slowed due to a lack 

of oxygen and less of the aging related material is produced to inhibit spreading.  Another 

possibility is that under oxygen limited conditions, different aging materials are produced 

which are less effective at limiting drop spreading compared to the material produced by 

aging in the oxic case.  Chemical analysis of the bacterial suspension during aging is 

required in order to confirm either of these possibilities. 

A small number of residues produced from aged suspensions deposited on mica at 

short exposure times (0.5 to 3.5 minutes) are as large as the residues produced from fresh 

suspensions at the same mica exposure time (see Figure 4).  This suggests for these 

residues, material originating from the aging process did not impact drop spreading.  A 
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common feature of these residues is that they were obtained from the first drops 

deposited on the day of a given experiment.  One possibility is that since these drops 

were deposited shortly after the tube was opened after a period of aging, the suspension 

was still anoxic and larger drops were produced, however, this remains for further 

investigation.   

In addition to the effect of suspension aging on residue size, suspension aging also 

affects the residue interior deposition both in terms of the fraction of the residue interior 

covered with a film of bacteria and salt and the arrangement of that material.  Figure 4 

shows fill-in fraction as a function of mica age for bacterial suspensions ranging in age 

from 1 hr to 74 days.  Different symbols denote different bacterial suspension age ranges.  

Data for fresh suspensions are shown as closed circles for reference.  As previously 

discussed5, for fresh suspensions and short mica exposure times the fill-in fraction is low.  

After approximately 60 minutes of atmospheric exposure, the fraction of the residue 

covered with a cellular film begins to increase.  The residue is nearly completely filled-in 

with a cellular film at about 1,000 minutes of atmospheric exposure.  It is interesting to 

note that beyond 10,000 minutes of mica exposure to the atmosphere, all residues 

produced in these experiments are filled in regardless of suspension age.  For mica ages 

less than 10,000 minutes, both suspension and mica aging affect the fraction of the 

interior of the residue covered with a bacteria and salt film.  The effect of suspension age 

can be seen clearly in Figure 7 at a mica exposure time of about 1 minute.  Atmospheric 

deposition is at an early stage and residues produced from aged suspensions tend to be 

more filled in compared to residues from fresh suspensions.  In fact, all residues produced 
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with suspensions aged over 15,000 minutes are at least partially filled in and most are 

completely filled in.  Figure 8 directly shows the effect of suspension age on fill-in 

fraction for short mica exposure (< 104 minutes) when atmospheric deposition is at an 

early stage.  The residue fill-in is predominantly less than 40% for suspension times 

below 10,000 minutes while suspensions older than 15,000 minutes are predominantly 

between 50% and 100%.  About 5,000 minutes of suspension aging is required before 

residues begin to fill-in.  It is clear that both mica and suspension aging promote residue 

fill-in.  Mica aging starts to induce residue fill-in around 60 minutes exposure to the 

atmosphere whereas suspension aging takes much longer (~ 5,000 minutes) to have a 

similar effect.   

Fill-in is linked to residue size and in general smaller residues are more filled in 

than larger residues.  As discussed in Baughman et al.5, smaller residues are formed from 

drops that did not spread as much as those that produce larger residues.  This implies that 

smaller residues are formed from drops with higher initial contact angles than their large 

residue counterparts.  The contact angle impacts the fluid flow to the edge of a pinned 

drop.  In this work, the drop contact line remains pinned during a significant fraction of 

the drying time.  This requires fluid flow to the contact line to replenish the fluid lost to 

evaporation.  As discussed by Deegan and coworkers1, 4, the rate of mass loss per unit 

surface area per time by evaporation is strongly enhanced toward the edge of the drop.  

This enhancement is greater for drops with smaller contact angles.  This means the fluid 

velocity in the direction of the contact line is slower for high contact angle pinned drops 

compared to their low contact angle counterparts.  If the radial flow is slower, then more 
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material stays in suspension until after the drop depins.  This is thought to be the means 

by which smaller drops are associated with greater fill-in, and larger drops deposit more 

of their material at the edge.  Figure 9 shows fill-in fraction as a function of residue size.  

For fresh suspensions (filled circles), the largest residues are not filled in.  Fill-in 

increases with decreasing residue size and residues with areas less than ~0.3 cm2 are 

completely filled in.  Suspensions aged between 430 and 15,000 minutes have a similar 

relationship between residue area and fill-in fraction.  Suspensions aged longer than 

15,000 minutes also show an increase in fill-in with decreasing residue area, however, 

regardless of residue size, all of these residues are at least partially filled in.  While there 

is scatter in the data, the comparison of data for suspensions aged 15,000 to 30,000 

minutes (pink squares) with suspensions aged greater than 90,000 minutes (red triangles) 

yields an interesting point.  For a given residue area, the older suspensions produce more 

filled in residues compared to the younger suspensions.  This suggests that in addition to 

the limitation on spreading and hence residue size caused by both mica and suspension 

aging materials, suspension aging materials also enhance the tendency for the residue to 

fill-in.  One possibility is that the suspension aging material acts to reduce the repulsion 

between the bacteria and the surface so that during the drying process bacteria are 

deposited on the surface prior to the passage of the three phase contact line.  Another 

possibility is that bacterial cohesion is reduced which in turn suppresses contact line 

deposition during the initial pinned stage.  This would allow additional bacterial to be 

available for post-depinning deposition. 

The overall features of the interior pattern also change with increasing suspension 
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age.  Figure 3 shows that fresh suspensions on fresh mica give large residues with a series 

of depinning rings.  The upper panel shows an aged suspension (92 days) on fresh mica 

for comparison.  In addition to the decrease in residue size, the depinning rings are absent 

and the residue is covered with bacteria and salt deposits.  The edges of the interior 

residue which border the depleted regions are rough, irregular, and almost dendrite like.  

This deposition could also be described as having a cracked carpet pattern.  This suggests 

that gelation may have occurred.  This is quite different from the cellular pattern which 

covers the residue in the lower panel deposited from a fresh suspension on aged mica.   

If gelation and cracking is occurring, bacterial fragments generated by cell lysis 

are a probable source of gelling material.  If gelation occurs before or during the 

spreading of the drop, then it may be related to drop sizes being smaller.  Figure 10 shows 

bacterial concentration as a function of aging time for the suspensions used in these 

experiments.  Viable bacteria were present throughout the aging period and plate counts 

indicate that there was a decline in the number of bacteria in the suspensions over time 

due to the aging process.  Death rates were not more than 1 log per month.  This is 

consistent with survivability studies conducted by Stephens15 who showed that raw 

bacterial culturability numbers showed no significant decrease after 7 days of storage in 

solution.   

 

Conclusions 

Bacterial suspension aging affects residue size, the radial distribution of the 

solids, and the residue patterning.  In general suspension aging reduces residue size, 
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increases interior fill-in and leads to a transition from cellular films to a cracked carpet 

interior pattern.  These effects are likely due to materials produced by cell lysis products 

and surface active materials produced during the aging process.  The aging process 

appears to be oxygen sensitive and suspensions that are oxygen deprived produce 

residues that are larger than those produced from suspensions exposed to oxygen 

periodically during the aging process.  On sufficiently aged mica, the film of materials 

deposited from the atmosphere controls residue size independent of suspension age.  In 

general, mica and suspension aging processes lead to smaller more filled in residues.  

This is important for understanding and controlling deposition of bacteria and colloidal 

particles in general.   
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Figure 3.  Residues formed by evaporative deposition of a bacterial suspension on mica.  

The middle panel is a residue formed from a fresh suspension on fresh mica.  The upper 

panel is an aged suspension on fresh mica which shows the effects of bacterial aging.  

The lower panel is a fresh suspension on aged mica and shows the effects of mica aging. 

Aging times are given in the figure.  Scale bar is 2 mm. 
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Figure 4.  Residue area as a function of mica age for bacterial suspensions ranging in age 

from 1 hour to 74 days.  Different symbols denote different suspension age ranges as 

noted in the legend.  The closed circles for fresh suspensions are the data presented in 

Baughman et al.5.   
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Figure 5.  Residues formed from a suspension aged 92 days on fresh mica (age in upper 

right corner).  A through F correspond to the symbols in Figure 4. 
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Figure 6.  Residue area as a function of mica age for bacterial suspensions ranging in age 

from 1 hour to 74 days.  Red triangles denote “oxic” suspensions and blue circles denote 

“anoxic” suspensions.  The closed circles for fresh suspensions are the data presented in 

Baughman et al.5.   
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Figure 7.  Fill-in fraction as a function of mica age for bacterial suspensions ranging in 

age from 1 hour to 74 days.  Different symbols denote different suspension age ranges as 

noted in the legend.  The closed circles for fresh suspensions are the data presented in 

Baughman et al.5.   
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Figure 8. Fraction of residue filled-in as a function of bacterial suspension age.  Different 

symbols denote different experiments and mica has been exposed to the atmosphere for 

less than 104 minutes in all cases.  Residue fill-in begins to increase when the suspension 

age reaches about 5,000 minutes.   
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Figure 9.  Fill-in fraction as a function of residue area for bacterial suspensions ranging in 

age from 1 hour to 74 days.  Different symbols denote different suspension age ranges as 

noted in the legend.  The closed circles for fresh suspensions are the data presented in 

Baughman et al.5.   

 



87 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial Concentration vs. Starvation Time
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Figure 10. Bacterial plate counts vary moderately over the course of 3 months.  
Each type of symbol represents bacteria counts of different starting cultures. 
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APPENDIX C: EXAMPLES OF TYPES OF DROPS  

Figure C1. Drop that moved 

  

Above is a drop which moved from top to bottom.  The thin line points out the highest 

extent of the residue.  This indicates that the drop started here and likely moved down 

prior to establishing the dark lower contact line seen easily at the top of the image.  This 

Beginning extent 
of residue 
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is not unusual to find in a drop which is made using fresh mica and a fresh bacterial 

suspension.
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Figure C.2 Spilled drop 

 

The above image is likely a drop which suffered spillage.  The drop was likely formed at 

the top left and then spilled in the bottom right direction.  This is surmised from the fact 

that the top left portion of the residue has a darker, better defined contact line.  Close 

inspection also shows some impingement from a step on the bottom left edge and some 

disturbance towards the top edge of the right side of the drop.  It is expected that this drop 

would have been fully filled in if the drop had remained round.
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Figure C.3 Step disturbance 

 

The above drop is an excellent example of how a step can disturb a drop.   
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Figure C.4 Typical tip disturbance 

 

The above image is typical of a tip disturbance shape.  The bump at the bottom of the 

frame is likely the place where a tip hit the drop just after it had formed.  As can be seen, 

this is a relatively small, filled in drop.   
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Figure C.5 Colored in drop 

A)
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B)

 

Above are shown an imaged drop (A) and the same drop which has been colored in (B).  

Coloring is one of the ways that the area of the drops is measured.  The red area was pixel 

counted in order to measure the area of the interior depletion area, and the blue was pixel 

counted to measure the area where bacteria are patterned. 
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Figure C.6 Old Suspension Patterning 

 

The above drop is an example of a bacterial suspension aged drop.  As can be 

seen, coverage can be much less continuous than would be present in mica aged drops.  

Dendrite like structures found on the interior are thought to be salts from the 50% Kay's 

w/o carbon media. 

2mm 
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Figure C.7 Prototypical Partially Patterned Drop 

2mm 
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(see next page for comments) 
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Above and on the previous page are shown one composite and two individual images of a 

typical “good” drop with partial fill-in.  In the bottom left of the blow up picture on the 

previous page, it should be noticed that there is apparently a particle of contamination 

which has significantly disturbed the structures around it.  There is also a smaller particle 

in the top right corner of the same image.  These particles and the disturbance they cause 

indicate that any particles which may be coating the mica as it ages so as to cause the 

aging effect is likely much smaller than 50 microns.   

The bottom right image on this page appears to show a small, bacteria free region 

beyond the outer most bacterial region.  The material in the outermost bacteria free region 
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is thought to be salts or organics which deposited in this area which may never have been 

a full bacterial diameter in height.  All three images show a dense outer bacterial layer 

inside of which is a bacterially depleted region followed by a networky patterned area.  

The outer most bacterial region is interpreted as the build up of bacteria which occurred 

when the drop was initially undergoing pinned drying.  The drop is thought to have dried 

beyond its equilibrium contact angle and then at some point depinned and snapped back 

away from the pinned contact line, not leaving very many bacteria.  Then when the drop 

was near or at its equilibrium contact angle, the drop is thought to have gradually receded 

leaving behind a layer which formed a networky pattern of bacteria.  This is thought to 

have continued until the bacterial suspension in the bulk suspension was depleted, 

leaving only a few salts and very few bacteria to deposit over the remaining area. 
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APPENDIX D: EQUIPMENT 

Appendix D Equipment 

For the purpose of clarity, images were taken of various pieces of equipment.  The images 

were processed using the levels, autolevels, and crop functions of Photoshop Elements 

6.0 as were deemed useful. 

Laminar Flow Hood 

 

The laminar flow hood which we used drew in air from the top, pre-filtering it 

through air conditioner grade filters, then HEPA filtering it, before expelling it through a 

metal grill at the back of the bench area. 

Mica placed at the user side (down wind side) of the bench is expected to be more 

Air Intake 

Air Exit 
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vulnerable than mica farther back in the hood to particle contamination from dust brought 

in by the user or random air movement in the room.   

There is a small strip just behind the bottom of the grill which is about 1cm high.  

This strip is thought to block the laminar flow of air at the surface of the bench in the 

very back.  Some drops may have been less asymmetric if they were made on mica 

placed at the very back of the hood.  It should be remembered when considering this that 

the mica used as a substrate was typically much thinner than 1mm. 

Micro pipetter P100 

 

 

The P100 micropipetter (VWR brand) used to make the drops is shown above.  The 

official range of the drop calibration was 10µm to 100µm.  It was used to make 4 

microliter drops for this work.  This may have caused errors in drop volume.  This means 

that reproducibility over several different experiments was particularly important to rule 

out potential sources of non-reproducible error. 
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Inoculation loop 

 

 

This loop and another one like it were used to make streak plates from freezer stocks.  

They were also used to take a colony from the streak plates and inoculate a preculture.  

The thin wire on the right is made of platinum and the thick metallic region is thought to 

be steel.  The purpose of the loop being made out of platinum is to ensure that it can 

withstand flame sterilization without significant corrosion. 

Forceps 

 

 

These forceps are representative of ones used to cleave the mica.  One tong of the forceps 

would be inserted into a crack in the mica which had been initiated using a hypodermic 

needle.   
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Bottle of 50% Kay’s w/o carbon media 

 

 

50% Kay’s w/o carbon media would be made up in Erlynmeyer flasks and then filter 

sterilized into 500mL bottles like the one shown above.  The bottles were labeled with the 

solution preparer’s name, date of filter sterilization, “50% Kay’s w/o carbon” and a 

number so that the user could keep track of which bottles had been used in the past.
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Micropipetter P1000 

 

 

Above is shown an image of the P1000 micropipetter (Gilson brand) which was used for 

dispensing 100µL to 1,000µL.  Proper sterilization of this pipetter involved rinsing the 

lower portions with ethanol and then allowing to air dry.  The primary use for this pipetter 

was in making blanks for dilution plating. 

Stopwatch 

 

This is one of the stopwatches we used to time the mica age.
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Microcentrifuge tube rack 

 

The above rack was used to hold microcentrifuge tubes.  It was indispensible when 

making dilution series when it would be used to keep microcentrifuge tubes organized.  

Racks like this were also used to store microcentrifuge tubes of suspensions while they 

aged. 

Hockey Stick 

 

This “hockey stick” and one similar to it were used to spread out solutions from dilution 

series.  They are made from glass rods bent using Bunsen burners.  They are 

ethanol/flame sterilized between each plate.
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Plastic Petri dishes 

 

 

Agar is poured into gamma ray sterilized petri dishes like these.  Some petri dishes with 

agar are used to grow up streak plates from freezer stocks.  Most petri dishes with agar 

are used however in spread plating where a suspension has been put through a series of 

1/10 dilutions and then 100µL of diluted solution is deposited on the agar and spread out 

using an ethanol/flame sterilized, glass hockey stick.  When the bacteria grow, the 

number of colonies is counted and the presumptive starting concentration of culturable 

bacteria is calculated.
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Centrifuge tubes and autoclave tape 

 

Above are shown a rack of centrifuge tubes with caps and autoclave tape, a centrifuge 

tube by itself, and a role of autoclave tape.  When a centrifuge tube is autoclaved, the best 

situation is to have it in a rack as shown above with caps only screwed on very slightly so 

that gases can enter and leave very readily.  Autoclave tape on the top of each cap is also 

very important to help ensure down the road that the tube can be identified as having 

been sterilized.  The autoclave tape starts out white as shown in the image of the role of 

autoclave tape and then it turns dark.
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Culture flask and autoclave tape 

 

The above image shows an Erlenmeyer flask which has been autoclaved.  It is covered 

with what should be two layers of aluminum foil and the autoclave tape has been turned 

dark.  The contrast between the autoclaved tape and the tape still on the role can be seen 

clearly.
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The Autoclave 

 

The autoclaves shown above were used to sterilize much of what needed to be sterilized.  
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Each autoclave run required DI water to run properly.  The amount of water required is 

approximately twice as much as what it take to fill the stainless steel container shown in 

the sink.  Care needed to be taken to use the tap on the right because the tap on the left 

had ordinary tap water which would, over time, deposit salts and corrode expensive, 

mission critical parts of the autoclave.  

 

Details about the auto clave 

 

 

The top picture shows the dials and timer located in at the top of the auto clave.  After 

Drain 
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closing the autoclave door, the proper protocol is to hit the small red reset button (left), 

switch the toggle switch (middle) to fast if no liquids are involved or slow if liquids are in 

the containers, and then turn the dial (right) to the number of minutes you want the 

autoclave to run (usually 15 to 20 minutes).  The middle picture shows the drain valve.  

This piece was particularly sensitive to salt corrosion.  There’s also a note that the timer 

would count down time properly, but would not turn off the autoclave.  As a result, we 

were not to leave it running over night.  The bottom image is of the metal label inside the 

chamber indicating where the water level should be when the door is closed prior to an 

autoclave run. 
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-80°C. Freezer 

 

This freezer is where we stored the freezer stocks.  The handle on the left has a lock.  

There are also interior doors covering each section to minimize the introduction of heat 

when the main door (shown) is opened.  Our freezer stocks were stored in the bottom 

section in microcentrifuge tubes in microcentrifuge tube racks. 
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Plastic Petri dishes 

 

 

Above is a stack of petri dishes on the left which have agar in them.  The stack is stored 

in a sleeve with a piece of labeling tape marked with information about who made the 

plates, what medium was used, and what day it was poured.  The stack on the right 

illustrates how the plates come from the supplier (unopened, gamma ray sterilized plates). 
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Stir plate and stir bars 

 

Above is shown one of the stir plates we used.  It can provide heat and stirring capacity.  

My process included using it for stirring media as we made it.  The beakers to the right 

contain stir bars.  After use, stir bars were rinsed with water from the DI tap.  The tall bar 

sticking out of the larger container was used to remove stir bars from flasks, beakers, etc. 
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Balance 

 

 

The image above shows the balance which we used the most.  It includes a cover to 

minimize the impact of air flow.  A weigh boat like the one shown was often used.  

Sometimes a larger boat or a piece of weigh paper was used.  After use, it is important to 

clean off the electronic balance with a brush such as the one shown in the upper left 

corner of the image.  Cleaning helps minimize corrosion.
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Centrifuge rotor 

 

Above is pictured the centrifuge rotor which was used in this work.  Typically, one 

centrifuge tube with its counter balance was run at a time.
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Centrifuge 

 

Above is shown the centrifuge used in this work.  There were temperature controls which 

the author was not thoroughly familiar with.  As a result, some solutions may have been 

chilled significantly and unintentionally during centrifugation. 
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Water Purifier 

 

Above is shown the water purifier used for making media.  Typically, the water measured 

~18.0 MΩ/cm although it has been known to get up to 18.3 MΩ/cm.
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Data 

 

The above image illustrates the level of raw data which was generated.  Not all mica 

pieces are present in the picture and some of the CD cases contain CDs with images of 

the drops.   
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Storage Area 

 

The above image is of the area where we would store autoclave sterilized items. 

 

Parafilm 

 

We used parafilm primarily to minimize moisture loss from Petri dishes which had been 

spread plated or streak plated.  It was occasionally used to minimize evaporation from 

other containers.
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Flammables Cabinet 

 

This is where we stored our ethanol and other flammables. 

 

Storage Cabinets 

Here’s one of our storage cabinets 

where we keep our solids (primarily 

salts, but some metals).
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Drying Oven 

After washing and rinsing with DI water, the glassware can either be placed in the drying 

oven or on the drying rack (not shown). 
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Sample Storage 

 

Above is an image of a CD case which holds a piece of mica with mica residues and 

markings indicating the date that the drops were made and a mica piece number.  CD 

cases were used to store all of the drops reported. 
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Hypodermic needle for cleaving mica 

 

The needle shown above was used to cleave the mica in this experiment.  The needle 

would be inserted into a small crack in along the edge of the mica or pressed randomly 

against the edge of the mica. 
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APPENDIX E: SCANNING ELECTRON MICROGRAPHS 

-
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